In this study, the change in microstructure and microhardness adjacent to the tool during the friction stir processing (FSP) of 6061-T6 extrusions was investigated. Results showed that the as-received extrusions contained Fe-rich constituent particles with two distinct size distributions: coarse particles in bands and finer particles in the matrix. After FSP, Fe-containing particles exhibited single-size distribution and the coarse particles appeared to be completely eliminated through refinement. Microhardness tests showed the presence of four distinct zones and that hardness increased progressively from the dynamically recrystallized closest to the tool, outward through two distinct zones to the base material. The similarities and differences between the results of this study and others in the literature are discussed in detail.
Introduction
Friction stir processing (FSP) is a technique, derived from friction stir welding [1, 2] , where a rotating tool consisting of a pin and shoulder is plunged into the material until the shoulder contacts the outside surface of the workpiece. Subsequently, the tool is forced along the plane of the surface of the material, while the shoulder remains in contact with the workpiece. The pin forces the material to undergo intense plastic deformation, resulting in a refined, homogenized, and recrystallized microstructure [1] [2] [3] [4] . This microstructural modification has been stated as the reason for improvement in mechanical properties, such as tensile properties and fatigue life [5] [6] [7] [8] [9] [10] . Process parameters, such as rotational and transverse speed, and choice of tool geometry are critical to the material flow and to the resulting microstructural modification. Recent studies [11, 12] have developed modeling methods to optimize process parameters. It should be noted that, for each material and application, there is a unique set of optimum process parameters [13] . For the current study, the authors previously developed the process parameters and the methodology in that approach which can be found in a separate publication [14] . The intent of this study was to document the phenomena of microstructural modifications, which have been largely underexplored in the literature.
Among the microstructural features that are modified during FSP are Fe-containing constituent phases [15] that form in aluminum alloys during solidification [16] , and are known to reduce tensile properties [17] . It was demonstrated that the size distribution of Fe-containing constituents can be taken as the flaw size distribution in wrought aluminum alloys. DeBartolo et al. showed that the reduction of the sizes of Fe-containing constituent particles from FSP leads to smaller effective size of defects and consequently to higher tensile strength and elongation, as well as longer fatigue life [18] .
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Materials and Methods
Extruded bars of a 6061-T6 aluminum alloy with the dimensions 330 × 25.4 mm were used in this study. FSP was conducted on a Bridgeport vertical milling machine, with the FSP tool tilted 3° opposite to the processing direction. The tool rotation rate and transverse speed were kept constant at 700 rpm in a clockwise direction and 50 mm/min, respectively. The FSP tool was made of H13 tool steel with a shoulder diameter of 18 mm. The cylindrical pin had a diameter of 5.9 mm, a length of 5 mm, and M6-threads. After FSP, samples were sectioned by low-speed saw, mounted in epoxy, and prepared by standard metallographic polishing methods. To evaluate the hardness profile for each FSP zone in the 6061-T6 extrusion, microhardness tests were carried out on a Shimadzu HMV G21 automated Vickers microhardness tester with load of 98.07 mN and dwell time of 15 s. A Tescan Mira 3 Field Emission Scanning Electron Microscope (FE-SEM) equipped with an Oxford Instruments XMax 50 energy dispersive spectrometer (Abingdon, Oxford, UK) was used to evaluate microstructure on unetched specimens. 
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Results and Discussion
The microstructure of the 6061 extrusion (base material) used in this study is shown in Figure 2a , which shows bands of constituent particles along the extrusion direction. The X-ray map for Fe is presented in Figure 2b , which shows that large as well as finer particles contain Fe. Moreover, these particles were also found to contain Si, which are typical of constituent particles in aluminum alloys [16] . Both large and smaller constituent particles containing Fe and Si are visible in Figure 3 . The finer particles within the bands probably fractured during the extrusion process.
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The microstructure of the 6061 extrusion (base material) used in this study is shown in Figure  2a , which shows bands of constituent particles along the extrusion direction. The X-ray map for Fe is presented in Figure 2b , which shows that large as well as finer particles contain Fe. Moreover, these particles were also found to contain Si, which are typical of constituent particles in aluminum alloys [16] . Both large and smaller constituent particles containing Fe and Si are visible in Figure 3 . The finer particles within the bands probably fractured during the extrusion process. Moreover, the boundary between DXZ and TMAZ is visible at approximately 300 μm to the left from the lower tip of the tool (Figure 4 ). To the right of this boundary, i.e., in DXZ, the spacing of particles seems to be random. In contrast, the particles are in bands as shown in Figure 2 to the left of the boundary. Moreover, the boundary between DXZ and TMAZ is visible at approximately 300 µm to the left from the lower tip of the tool (Figure 4 ). To the right of this boundary, i.e., in DXZ, the spacing of particles seems to be random. In contrast, the particles are in bands as shown in Figure 2 to the left of the boundary. Moreover, the boundary between DXZ and TMAZ is visible at approximately 300 μm to the left from the lower tip of the tool (Figure 4 ). To the right of this boundary, i.e., in DXZ, the spacing of particles seems to be random. In contrast, the particles are in bands as shown in Figure 2 to the left of the boundary. . SEM micrograph taken in BSE mode with vertical lines added to show the boundary of the stir zone adjacent to the tool. Note: The bright particle observed above and to the left of the thread tip was determined to be a fractured piece of the tool.
Characterization of the Effect of FSP on Microstructure
To further evaluate the effect of FSP in microstructural refinement, digital image processing was conducted with ImageJ Version 1.52e free downloadable software (National Institutes of Health, Bethesda, MD, USA) to determine the sizes of the Fe-containing constituent particles. Equivalent diameter of Fe-bearing particles, d Fe , was calculated as
Subsequently, the Fe particle size distribution for every condition was determined by hypothesizing that size follows the lognormal distribution, which is consistent with results reported in the literature [15] for β-phase (Al 3 FeSi) platelets in aluminum alloys. The density function, f, of the three-parameter lognormal distribution is written as:
where τ is the threshold value below which probability of x is zero, µ is the location parameter, and σ is the scale parameter. Consistent with the observations stated previously about Figure 2 , it was noticed that in the BM region there were two Fe-containing particle size distributions: coarse particles in bands, and finer particles within the matrix. The probability density function (f) for the mixture of two distributions is written as [21] :
where p is the fraction of the distribution of the lower distribution and subscript 1 and 2 refer to the lower and upper distributions, respectively. The estimated parameters of lognormal distributions are given in Table 1 . After FSP, the processed microstructure in DXZ is composed mostly of small particles, as shown in Figure 5 , which is a further magnification of the microstructure in Figure 4 . Hence, there is strong evidence of a refined and homogeneous microstructure after FSP. The upper distribution for large particles is completely eliminated, and all Fe-containing particles are similar in size.
The probability plots of the lognormal distributions for the sizes of Fe-containing particles are shown in Figure 6 . Note that the distribution for coarse particles is completely eliminated. Hence, coarse particles are broken to the size of fine particles in the extruded microstructure. This result is in agreement with the results of a previous study [15] .
The mean of a three-parameter lognormal distribution is found by: The particles sizes calculated from estimated distribution parameters are also provided in Table 1 . The average particle diameter after DXZ after FSP is 0.59 µm, which is comparable to the average fine particle diameter before FSP (0.47 µm). 
Characterization of Hardness Profile
To evaluate the hardness profile developed during FSP in the material around the tool, Vickers microhardness tests were conducted starting adjacent to the tools and moving outward at regular intervals until the base metal was sampled. One of the twenty indentations created during the microhardness tests is presented in Figure 7 . 
To evaluate the hardness profile developed during FSP in the material around the tool, Vickers microhardness tests were conducted starting adjacent to the tools and moving outward at regular intervals until the base metal was sampled. One of the twenty indentations created during the microhardness tests is presented in Figure 7 . The change in Vickers microhardness (Hv) with increasing distance from the FSP tool is presented in Figure 8 , which shows the presence of four distinct zones, which have been interpreted to correlate with the regions suggested by Woo et al. [19] . It should be noted in the current analysis that the tool remains embedded in the sample, which is not the case in the Woo study; therefore, changes in the geometry of the regions and the extent of the DXZ must be considered. Further clarification of the variation between observed hardness in this study, and that presented by Woo et al. will be addressed later in the discussion. In the DXZ zone, the microstructure experiences greater plastic deformation than the other zones, and also results in more heat generation and lower hardness, likely the result of dissolution of strengthening precipitates in the Al matrix. Note that this zone extends from the tool surface to the boundary shown in Figure 4 . In TMAZ, the reduction in material flow intensity resulted in a higher hardness profile than the DXZ. The HAZ was found to be the less affected zone by the stir action. An increase in the hardness from DXZ to the TMAZ is followed by an increase from TMAZ to the BM.
The difference between microhardness measured in the DXZ and BM in this study is 25 Hv, which is almost identical to the difference in these two zones from the Woo study, shown in Figure  1 . Further comparison of the results of the two studies reveals that the widths of the zones in this study, as shown in Figure 8 , are significantly smaller than those shown in Figure 1 . The differences in the hardness profiles and the widths of the zones can be attributed to the differences in the process parameters in the two studies, and the presence of the remnant tool in the current investigation. Woo et al. conducted their experiments with an FSP tool that is of the same material used in the current study and with similar dimension, but using a transverse speed of 280 mm/min and rotational speed of 1250 rpm, which are both significantly higher than the levels used in the current study (50 mm/min and 700 rpm). Additionally, Woo et al. applied a compressive pressure (12.4 MPa) under the tool, which was not applied in the current study. The change in Vickers microhardness (Hv) with increasing distance from the FSP tool is presented in Figure 8 , which shows the presence of four distinct zones, which have been interpreted to correlate with the regions suggested by Woo et al. [19] . It should be noted in the current analysis that the tool remains embedded in the sample, which is not the case in the Woo study; therefore, changes in the geometry of the regions and the extent of the DXZ must be considered. Further clarification of the variation between observed hardness in this study, and that presented by Woo et al. will be addressed later in the discussion. In the DXZ zone, the microstructure experiences greater plastic deformation than the other zones, and also results in more heat generation and lower hardness, likely the result of dissolution of strengthening precipitates in the Al matrix. Note that this zone extends from the tool surface to the boundary shown in Figure 4 . In TMAZ, the reduction in material flow intensity resulted in a higher hardness profile than the DXZ. The HAZ was found to be the less affected zone by the stir action. An increase in the hardness from DXZ to the TMAZ is followed by an increase from TMAZ to the BM.
The difference between microhardness measured in the DXZ and BM in this study is 25 Hv, which is almost identical to the difference in these two zones from the Woo study, shown in Figure 1 . Further comparison of the results of the two studies reveals that the widths of the zones in this study, as shown in Figure 8 , are significantly smaller than those shown in Figure 1 . The differences in the hardness profiles and the widths of the zones can be attributed to the differences in the process parameters in the two studies, and the presence of the remnant tool in the current investigation. Woo et al. conducted their experiments with an FSP tool that is of the same material used in the current study and with similar dimension, but using a transverse speed of 280 mm/min and rotational speed of 1250 rpm, which are both significantly higher than the levels used in the current study (50 mm/min and 700 rpm). Additionally, Woo et al. applied a compressive pressure (12.4 MPa) under the tool, which was not applied in the current study. 
Conclusions
• In the microstructure of 6061-T6 extrusions, there are two distinct size distributions for Fecontaining constituent particles: coarse particles in bands, and finer particles within the matrix. FSP was found to break up the large particles and refine them to the size of the initial finer particles within the matrix, which should improve mechanical properties.
•
The hardness profile observed in this study was different from the one reported by Woo et al.
for FSPed 6061-T6. In the microhardness profile away from the tool, four distinct zones, namely DXZ, TMAZ, HAZ, and BM, were visible. This difference was attributed to the differences in the process parameters used between the two studies, and the presence of the remnant tool in this study.
The widths of the zones in the current study were also significantly smaller than those reported by Woo et al. These differences can also be attributed to the slower tool rotation and translation used in this study, which is presumed to result in a reduced length scale of the affected regions from the tool outward.
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